ABSTRACT: A diphosphinoamine ligand with a polymerizable side chain, (PPh 2 ) 2 NÀ À CH 2 À ÀC 6 H 4 À ÀCH¼ ¼CH 2 (vbzpnp or 1), was synthesized. The ligand could be polymerized by anionic polymerization with n-butyllithium as the initiator. Polyvbzpnp was soluble in tetrahydrofuran and chloroform but was insoluble in methanol and was characterized with NMR, IR, and gel permeation chromatography. The numberaverage and weight-average molecular weights were 40,050 and 55,690, respectively, and the polydispersity index was 1.39. [Cu(CH 3 CN) 4 ]ClO 4 formed a bischelated complex with the monomer and produced [Cu(1) 2 ]ClO 4 (2), and CuCl formed a tetramer, Cu 4 (1) 2 Cl 4 (3). All the compounds (1, 2, and 3) were characterized with single-crystalstructure determination, NMR, and IR spectroscopy. The addition of [Cu(CH 3 CN) 4 ]-ClO 4 to polyvbzpnp resulted in an insoluble crosslinked polymer, which was characterized with solid-state 31 P { 1 H} magic-angle-spinning NMR. The copolymerization of styrene and 1 produced a styrene-vbzpnp copolymer that was found to be soluble in common organic solvents.
INTRODUCTION
The immobilization of homogeneous catalysts on a support is one of the possible ways of preparing analogous, well-defined heterogeneous catalytic systems. The development of insoluble-polymer-bound metal catalysts and reagents that maintain high activity and selectivity has attracted immense interest. [1] [2] [3] In an ideal case, these insoluble supported complexes can be recovered by simple filtration and recycled.
There are, however, a number of disadvantages, including metal leaching during the course of the reaction, that lead to nonrecyclability. Another strategy that has been gaining attention is the use of soluble polymeric supports instead of their insoluble counterparts. In practice, the separations are achieved with several methods. The easiest process is dilution with an appropriate solvent that induces precipitation and crystallization. 4, 5 Other techniques, such as dialysis through semipermeable membranes, 6 centrifugation methods, gel permeation chromatography (GPC), 7 and adsorption chromatography, 8, 9 have also been demonstrated. The number and diversity of transition-metal phosphine complexes are very large, and a wide range of catalysts is available for synthetic organic transformations. Therefore, it comes as little surprise that the preparation of polymer-supported metal phosphine complexes and the assessment of their metal complexes for catalysis have attracted much attention. [10] [11] [12] [13] Although polymeric ligands with a PÀ ÀCÀ ÀP framework were prepared and shown by Bianchini and coworkers 14, 15 to be useful, analogous diphosphinoamine ligands with a PÀ ÀNÀ ÀP framework have not been linked to polymeric systems. The most attractive features of diphosphinoamines are the ease with which a variety of ligands can be synthesized by the alteration of the substituents on nitrogen and phosphorus [16] [17] [18] [19] and their use in transition-metal-catalyzed hydrogenation, [20] [21] [22] hydroformylation, 23 copolymerization, 23, 24 Pauson Khand reactions, 25 olefin polymerization, [26] [27] [28] [29] dehydrogenative coupling of stannanes, 30 ringopening polymerization of lactones, 31 diphenyl carbamate synthesis, 32 and ring-opening metathesis. 33 Recently, Braunstein et al. 34 reported a diphosphinoamine system anchored to alumina. However, to the best of our knowledge, there has been no report of a diphosphinoamine that can be linked to a polymer. Here we report the synthesis and characterization of the first polymeric PNP ligand system.
EXPERIMENTAL General Method and Materials
Dichloromethane, chloroform, benzene, tetrahydrofuran (THF), methanol (MeOH), dimethylformamide (DMF), petroleum ether (bp ¼ 60-80 8C), and acetonitrile were purified and dried under a nitrogen atmosphere with conventional methods. 35 All manipulations were carried out under an atmosphere of purified N 2 with a standard double manifold and Schlenk ware. Anionic polymerization was carried out under an argon atmosphere. [Cu(CH 3 CN) 4 ]ClO 4 36 and CuCl 37 were prepared with the reported methods. Chlorodiphenylphosphine, p-vinylbenzyl chloride, and n-butyllithium (n-BuLi; 1.6 M in hexane) were purchased from Aldrich and used as supplied. 
Measurements
The amine was synthesized by a three-step procedure with the Staudinger reaction scheme. In the first step, p-vinylbenzyl chloride was converted into the corresponding azide, and this was followed by the formation of the iminophosphorane in the second step. Finally, the iminophosphorane was hydrolyzed to obtain the corresponding amine.
To about 10 mL of dry DMF in a 100-mL, roundbottom flask, p-vinylbenzyl chloride (10 mmol, 1.41 mL) was added. To the same solution, sodium azide (11.5 mmol, 0.75 g) was added, and the contents were stirred at room temperature for 1 h. The benzene solution of the azide derivative was evacuated under reduced pressure to remove the solvent. The compound was dissolved in 15 mL of dry THF, and this was followed by the addition of triphenyl phosphine (10 mmol, 2.63 g). The immediate evolution of nitrogen gas could be seen, and the reaction mixture was allowed to stir at room temperature for 3 h.
Yield: 98%. ESIMS m/z: 
Synthesis of p-Vinylbenzyl Amine
To the previously prepared iminophosphorane, 5 mL of distilled water was added, and the solution was refluxed for 5 h. The solvent was removed under reduced pressure to obtain crude p-vinylbenzyl amine, which was purified by column chromatography on silica gel with 15:1 CHCl 3 /MeOH as the eluent. The initial isolated fraction was unreacted triphenyl phosphine, and the next fraction was triphenyl phosphine oxide. The last fraction was the pure amine, and it was isolated in an approximately 98% yield. 1 
Synthesis of 1
p-Vinylbenzyl amine (10 mmol, 1.33 g) was suspended in 30 mL of dry and distilled benzene in a 100-mL, round-bottom flask. To this solution, triethylamine (25 mmol, 3.48 mL) was added, and the solution was cooled to 0 8C. Chlorodiphenylphosphine (20 mmol, 3.54 mL) was added dropwise over a period of half an hour. The contents were then brought to room temperature and stirred for 4 h. Triethylamine hydrochloride was filtered through a G-2 filtration frit and washed three times with benzene. The filtrate was evacuated in vacuo, and the residue was repeatedly washed with distilled MeOH under nitrogen. Subsequently, the compound was dried in vacuo to obtain the diphosphinoamine (1) as a white, free-flowing powder in a 70% yield.
HRESMS m/z: The monomer vbzpnp (2.50 g, 4.50 mmol) was dissolved in 4 mL of dry THF in a Schlenk tube and subjected to three freeze-pump-thaw cycles. Subsequently, the solution was maintained at À78 8C in an ethyl acetate/liquid nitrogen slush bath. Then, 0.3 M n-BuLi (0.45 mL, 0.14 mmol) 4 ]-ClO 4 (8.40 mg, 0.025 mmol) was added. The addition of copper(I) resulted in a white insoluble material that appeared as a gel. The contents were stirred at room temperature for 8 h, and then approximately 10 mL of diethyl ether was added. Subsequently, the solution was centrifuged. The supernatant was discarded, and fresh CHCl 3 /ether (1:1 v/v) was added. The contents were centrifuged again. This procedure was repeated three to four times. 
Decomplexation of Copper(I)-Polyvbzpnp
The crosslinked polymer (163 mg, 0.014 mmol) was suspended in 4 mL of DMF. The suspension was allowed to stir for 1 h to swell the polymer. Subsequently, the suspension was titrated with a DMF solution of NBu 4 CN of a known concentration. With 1.5 equiv of cyanide, a clear solution was obtained. The removal of copper in this solution was confirmed by the absence of the 31 P signal at 86 ppm and the presence of a single 31 P resonance at d ¼ 59.8.
X-Ray Diffraction Studies
Crystals of 1, 2, and 3 were glued to the tip of a glass fiber along the largest dimension for data collection. Data were collected on a Bruker AXS single-crystal diffractometer equipped with a Smart Apex CCD detector and a sealed Mo Ka source working at 1.75 kW and 50/35 (kV/mA). The intensity data were collected at 20 8C. All computations were performed with the WINGX package. 39 The data were corrected for Lorentz and polarization effects. The positions of heavy atoms were determined with SHELXS-86. 40 The remaining atoms were located from the difference Fourier map with SHELXL-97. 41 Hydrogen atoms were included in the final stage of refinement on calculated positions bonded on their carrier atoms for 1, whereas for complexes 2 and 3, the hydrogen atoms were geometrically fixed. The crystallographic data for compounds 1, 2, and 3 are summarized in Table 1 .
RESULTS AND DISCUSSION

Synthesis of Monomer 1
In the first step, a primary amine (p-vinylbenzyl amine) was synthesized by the Staudinger reaction. 42 It is a three-step process (Scheme 1) in which the corresponding azide is synthesized from p-vinylbenzyl chloride, and this is followed by a reaction with triphenyl phosphine to yield an iminophosphorane. Subsequently, the amine was generated by hydrolysis and purified by column chromatography with CHCl 3 /MeOH (15:1) as the eluent.
The diphosphinoamine ligand (vbzpnp) was synthesized (Scheme 2) by the treatment of the amine with 2 equiv of chlorodiphenylphosphine in the presence of triethylamine as the base. The ligand was purified by repeated washing with distilled MeOH and was quite stable. A singlet at 59.9 ppm was obtained with 31 P { 1 H} NMR in CDCl 3 .
The ligand crystallized in a centrosymmetric space group adopting a C s conformation (Fig. 1) . Selected bond lengths and bond angles are given in Table 2 . The central nitrogen adopted a more or less planar geometry with a PÀ ÀNÀ ÀP angle of 122.48. The PÀ ÀN distances were approximately 1.72 Å , with the two phosphorous atoms separated by a distance of 3.02 Å . The PÀ ÀNÀ ÀP bond angle and the PÀ ÀN bond distances were very similar to those found for bis(diphenylphosphino)isopropylamine. 19 
Synthesis of the Copper(I) Complexes
2
The reaction of the monomer with [Cu(CH 3 CN) 4 ] ClO 4 in a ratio of 2:1 in CHCl 3 yielded bischelate monomer 2. The complex had a resonance at 86.6 ppm in 31 P { 1 H} NMR that was characteristic of similar complexes and an intense broad band at 1098 cm À1 (ClO 4 À ) in the IR spectrum. It was characterized by X-ray crystallography as well. The two phosphine ligands were bound to the metal in a chelating mode (Fig. 2) . Copper adopted a distorted tetrahedral geometry with four phosphorus atoms in its coordination sphere ( Table 3 ). The angle subtended by the ligand at the metal center was approximately 738. Correspondingly, the PÀ ÀNÀ ÀP angle was reduced to about 105.88 from 122.48 in the free ligand. With chelation, there was a considerable decrease in the PÀ ÀP distance from 3.02 Å in the free ligand to 2.72 Å in the complex.
3
A reaction of CuCl with vbzpnp in a ratio of 1:1 in CHCl 3 afforded complex 3. A singlet at 61.7 ppm was obtained in 31 P { 1 H} NMR for the complex, and the structure of the complex was confirmed to be a tetramer by X-ray crystallography. The Oak Ridge thermal ellipsoid plot (ORTEP) view of the complex is shown in Figure 3 , and selected bond lengths and bond angles are listed in Table 4 . The molecule was centrosymmetric, with four copper atoms in the Figure 2 . ORTEP plot of 2 at 50% thermal ellipsoid probability. The phenyl rings on phosphorus and hydrogen atoms have been omitted for clarity.
same plane. In contrast to 2, the bridged PNP angle was 1168. A similar Cu 4 Cl 4 motif with two bridging diphosphines was found with bis(diphenylphosphino)methane. 43 
Polymerization of Bis(diphenylphosphino)-p-Vinylbenzyl Amine
Several attempts were made to polymerize this vinyl monomer, but they were unsuccessful. These included free-radical polymerization under thermal conditions and living cationic polymerization. The PÀ ÀN bond readily cleaved under these reaction conditions. Finally, anionic polymerization 44 of the monomer was attempted in THF with n-BuLi as the initiator in a ratio of approximately 32:1, and it was successful (Scheme 3). The dark orange solution was concentrated and quenched by the addition of distilled MeOH to obtain a faint yellow free-flowing powder. Polyvbzpnp was purified by reprecipitation with MeOH from a solution of dry THF. It showed a broad singlet in 31 P { 1 H} NMR in CDCl 3 at 59 ppm and a broad band at 1098 cm À1 for ClO 4 À (solid state) in the IR spectrum. It was soluble in chlorinated solvents and THF but insoluble in MeOH. The monomer could be recovered at the end of the reaction, and this indicated premature chain termination. As determined by GPC, M n was 40,050, M w was 55,690, and PDI was 1.39 for the polymer (polyvbzpnp).
Copolymerization of Bis(diphenylphosphino)-p-Vinylbenzyl Amine and Styrene
Copolymerization was also attempted with vbzpnp and unsubstituted styrene in a ratio of 1:10. A similar procedure was adopted for the preparation and purification. The ratio of phosphine and styrene was found to be 1:16 from 1 H NMR in the styrene-vbzpnp copolymer so obtained. Thus, smaller amounts of the diphosphinoamine were incorporated into the copolymer in comparison with the starting amount of diphosphinoamine used in the reaction. The molecular weights were smaller than the ones obtained for polyvbzpnp copolymer. M w was 11, 320, M n was 21,150, and PDI was 1.7.
Complexation of Polyvbzpnp with Copper(I)
The treatment of polyvbzpnp with [Cu(CH 3 CN) 4 ]ClO 4 in CHCl 3 yielded a crosslinked insoluble material. To confirm the coordination mode in the polymer, solid-state 31 P { 1 H} MAS Figure 3 . ORTEP plot of 3 at 50% thermal ellipsoid probability. The phenyl rings on phosphorus and hydrogen atoms have been omitted for clarity. NMR was recorded, and it showed a broad singlet at 85.5 ppm (Fig. 4) . This chemical shift for the polymer closely matched that of monomer 2. This suggested that copper in polyvbzpnp also formed a bischelate. Because of this bischelate formation, the crosslinking of polymer chains occurred. A similar interchain process was reported by Ikegami et al. 45 in a soluble amidebased polymer with pendant PPh 2 units; coordination to palladium(II) led to crosslinking.
The copper loading in polyvbzpnp was estimated to be 0.0452 g of Cu/g of polymer by atomic absorption spectrophotometry, and this corresponded to a metal loading of approximately 85% (under the assumption that all P sites were accessible on the polymer and the CuP 4 complex could be formed). On the other hand, when a similar complexation reaction was attempted with the styrene-vbzpnp copolymer (vbzpnp/styrene ¼ 1:16), a soluble material was obtained with a singlet at 87.0 ppm in 31 P { 1 H} NMR in CDCl 3 . The metal loading was determined by the presence of À ÀPPh 2 groups, which in turn determined the extent of crosslinking and ultimately the solubility of the polymer.
Decomplexation of Copper(I)-Bound polyvbzpnp
The perchlorate counterion embedded in the polymer could be exchanged with tetrabutylammonium cyanide. When the polymer was swelled in chloroform, only 55% perchlorate could be exchanged from the polymer by the addition of cyanide. On the other hand, with more polar solvents such as DMF, the exchange increased to 90% (the percentage exchange was calculated by the integration of the band at 1098 cm À1 for ClO 4 À in IR after the normalization of the spectrum with respect to the CÀ ÀH stretch at 3052 cm À1 ). Upon the addition of more than 1.5 equiv of cyanide to the crosslinked polymer suspended in DMF, the metal was removed via the formation of Cu(CN) 2 À species. This resulted in a 
CONCLUSIONS
A novel diphosphinoamine ligand with a polymerizable side chain was successfully synthesized for the first time. The ligand was obtained in high purity and in a good yield. The ligand could only be polymerized via anionic polymerization because it decomposed when subjected to freeradical and cationic polymerization. Although the polymerization was incomplete, the unreacted monomer could be recovered at the end of the reaction. The synthesis of two new copper(I) complexes of the monomeric ligand was carried out to obtain a bischelate monomer in the presence of perchlorate and a chloride tetramer in almost quantitative yields. Polyvbzpnp crosslinked upon the addition of [Cu(CH 3 CN) 4 ]ClO 4 , and this resulted in an insoluble networked complex. Because diphosphinoamine ligands have been shown to be of great importance in transitionmetal chemistry, the immobilization of these ligands on a polymer support has immense potential in the area of heterogeneous catalysis.
